The randomly amplified polymorphic DNA (RAPD) technique was used in the development of a fingerprinting (typing) and identification protocol for Legionella strains. Twenty decamer random oligonucleotide primers were screened for their discriminatory abilities. Two candidate primers were selected. By using a combination of these primers, RAPD analysis allowed for the differentiation between all different species, between the serogroups, and further differentiation between subtypes of the same serogroup. The usefulness of RAPD analysis was also evaluated with outbreak-related clinical and environmental isolates previously typed by the restriction fragment length polymorphism technique. RAPD analysis proved to be as accurate as other genotypic methods, reproducible, and highly discriminatory and is a valuable new alternative to traditional fingerprinting and identification of Legionella species and strains.
In the genus Legionella there are currently 39 species and more than 48 subtypes (strain difference within species), and most have been implicated in human disease. This diversity of type and the ubiquity of Legionella strains in aquatic environments require an efficient and accurate method of differentiation and identification of strains.
In addition, typing of Legionella strains is of considerable importance in ascertaining community outbreaks or nosocomial infections of legionellosis. For epidemiological investigations, highly discriminatory typing methods are required to provide useful information regarding common-source cases and the identification of sources of infection.
Conventional methods used for the identification of Legionella isolates include lipopolysaccharide analysis, alloenzyme typing, outer membrane protein analysis, antigenic determinant analysis, fatty acid profiling, and ubiquinone analysis (4, 6, 8, 9, 11, 15, 16) . These methods are not very discriminatory, because they are dependent on expressed and possibly variable phenotypic features. Recently PCR-based DNA fingerprinting methods such as randomly amplified polymorphic DNA (RAPD) analysis and repetitive-element PCR were introduced as reliable methods of distinguishing between bacterial species and strains. Subtyping of Legionella pneumophila isolates with single, short, random oligonucleotide primers has been reported (2, 10, 13, 17) . Most of these published methods place emphasis on the typing of L. pneumophila serogroup 1, probably because this serogroup appears to be responsible for the majority of legionellosis cases. However, several other Legionella species have been implicated in human disease and require typing methods that can reliably discriminate between isolates of different species and serogroups.
The aim of this study was to develop and assess a RAPD fingerprint assay to identify, characterize, and distinguish all currently known species and serogroups of Legionella and to evaluate the usefulness, reproducibility, and discriminatory power of RAPD fingerprint analysis for epidemiological investigations. In this comprehensive study, 67 well-defined Legionella reference strains and 120 outbreak-related environmental and clinical isolates were studied.
MATERIALS AND METHODS
Legionella strains. All Legionella reference strains were received from the Institute of Medical and Veterinary Science, Adelaide, Australia, and are listed in Tables 1 and 2 .
All clinical isolates of L. pneumophila were obtained from patients diagnosed with Legionnaires' disease. Environmental isolates were mainly isolated from cooling tower samples. All clinical and environmental isolates were collected during incidents and outbreaks of Legionnaires' disease in New South Wales, Australia. These laboratory isolates had previously been identified as L. pneumophila serogroup 1 by immunological methods and were typed by restriction fragment length polymorphism (RFLP) analysis (7) .
DNA extraction. High-molecular-weight genomic DNA was purified from bacteria grown on buffered charcoal-yeast extract (Oxoid) agar plates by the guanidium thiocyanate method described by Pitcher et al. (12) . The genomic DNA was quantitated and assessed for integrity by agarose gel electrophoresis.
RAPD-PCR assay. PCRs were carried out in an optimized 50-l reaction mixture containing the DNA template (20 to 50 ng of purified DNA), 200 mol of each deoxynucleoside triphosphate liter Ϫ1 , 1 mol of each primer liter
Ϫ1
, and 2 U of Taq DNA polymerase (Boehringer Mannheim) in the manufacturer's recommended buffer. The reaction mixture was overlaid with a thin layer of sterile mineral oil to prevent evaporation. DNA amplification was performed in a programmable DNA thermal cycler (Perkin-Elmer DNA Thermal Cycler 480). The cycling parameters used were initial denaturation at 95°C for 1 min, followed by 30 cycles each consisting of 30 s at 94°C, 60 s at 36°C, and 90 s at 72°C. After the last cycle, the PCR tubes were incubated at 72°C for 8 min and were held at 4°C. A reagent blank, which contained all the components of the reaction mixture with the exception of template DNA (which was substituted with sterile distilled water), was included in every PCR assay. Amplification reactions were performed twice to check the consistency and reproducibility of the method.
The nucleotide sequences of the random decamer primers used in this study were as follows: C, AGTCAGCCAC; D, AATCGGGCTG; I, AATCGGGCTG; and L, TGCGGACCTG (5Ј to 3Ј). The random primers were purchased from Operon Technologies (Alameda, Calif.).
Detection of PCR products. Aliquots (10 l) of each PCR product were analyzed by 1.75% agarose gel electrophoresis in Tris-borate-EDTA buffer. To allow for visual comparison of the fingerprint located on the same or on different agarose gels, the electrophoresis conditions were standardized. Gels were run for 4 to 5 h at 70 to 80 V until the tracking dye bromophenol blue had migrated approximately 11 cm from the point of origin.
RESULTS
Identification of informative primers. To identify primers that generate informative and discriminatory arrays of PCR products, purified DNAs from three different Legionella strains were tested under permissive PCR conditions by using a single oligonucleotide primer or a combination of primers. Twenty different decamer oligonucleotide primers were assayed for their discriminatory abilities. Informative and discriminatory arrays of multiple distinct PCR amplicons were obtained with all three Legionella test strains with single primers C or D and a combination of primers I and L, whereas the other primers tested gave mixed results. A combination of primers I and L proved to be the most promising. These primers were pursued for further studies with different Legionella reference strains and isolates from legionellosis outbreaks.
Reproducibility of RAPD patterns. The reproducibilities and consistencies of the RAPD patterns were tested by using DNA preparations made from separate cultures of each strain on different days. Identical and reproducible strain-specific patterns were obtained from the paired DNA preparations. The RAPD fingerprint assay with primers I and L resulted in the amplification of discrete DNA fragments that ranged in size from 200 bp to 5 kb. The number of amplified DNA fragments observed by agarose gel electrophoresis ranged from 2 to 15 (Fig. 1) . The most informative and reproducible fingerprint patterns were obtained with 20 pmol of primer and 4 mM MgCl 2 . More primer or MgCl 2 resulted in a higher background, without additional prominent bands. The RAPD fingerprint patterns were not significantly affected by template DNA levels, and the optimum levels (between 20 and 50 ng) gave the most consistent results.
The RAPD fingerprint profiles were affected by some thermostable polymerases. We tested a limited number of other thermostable polymerases and found native Taq polymerase from some suppliers resulted in a somewhat different array of PCR band patterns. In our hands recombinant Taq polymerase from Boehringer Mannheim gave very consistent results. Over the last 2 years, we have observed no lot-to-lot variability with this polymerase.
Discrimination between Legionella species. Genomic DNAs isolated from different Legionella species were analyzed by the RAPD-PCR fingerprint assay with random primers I and L. A total of 67 different reference strains representing 39 species were evaluated. Figure 1 presents examples of the RAPD fingerprint profiles obtained with representative Legionella species. Examination of the RAPD-PCR fingerprints revealed a distinct species-specific pattern, and clear discrimination was obtained for each species.
Discrimination between L. pneumophila serogroups. To evaluate the ability of the RAPD fingerprint assay to discriminate between different L. pneumophila serogroups, genomic DNAs belonging to the 14 recognized serogroups were examined by the RAPD fingerprint assay. Figure 2 presents the resultant profiles obtained with primers I and L. A distinctive profile was obtained for each serogroup. The profiles were clearly distinguishable except for serogroups 1 (Philadelphia-I) and 12, which appear to be similar except for subtle minor bands (Fig. 2, lanes 2 and 13, respectively) .
Discrimination between subgroups of L. pneumophila serogroup 1. To evaluate the ability of RAPD fingerprint analysis to differentiate between closely related strains, genomic DNAs from 10 reference subgroups of L. pneumophila 1 serogroups were analyzed by RAPD assay with primers I and L. As indi- Fig. 3 , the resultant RAPD profiles are heterogeneous, with several prominent discriminatory bands which are not shared between the different subtypes being present. The profiles of reference strains Oxford, Camperdown, Heysham, and OLDA appear to be very similar (Fig. 3 , lanes 3 to 6, respectively) except for minor differences; in fact, the profiles of strains Camperdown and OLDA are practically indistinguishable. However, these can easily be distinguished by using primer C or D in the RAPD-PCR assay, as indicated in Fig. 3 , lanes 14 to 21. Application of RAPD analysis to epidemiologically related L. pneumophila isolates. RAPD fingerprint analysis of L. pneumophila isolates from patients and environmental sources implicated in outbreaks was performed by examining 85 environmental and 35 clinical isolates with primers I and L. These isolates had previously been typed by RFLP analysis to match (compare) their DNA fingerprints. The results obtained by RAPD fingerprint analysis were in agreement with previous RFLP results except for the results for two isolates. This variation, however, was found to be due to partial restriction digestion during RFLP analysis. Figure 4 illustrates examples of the RAPD fingerprint profiles obtained with representative epidemiologically related isolates from a recent outbreak in Western Sydney, Australia. At least two independent isolates from each cooling tower were examined. Identical and reproducible RAPD patterns were obtained from the duplicate samples (data not shown). By visual comparison of the RAPD fingerprint profiles obtained, it is possible to ascertain that clinical isolate P2 (Fig. 4,  lane 6 ) has a profile identical to that of the environmental isolates from cooling tower CT6 (Fig. 4, lane 6) ; this profile is similar to that of the reference type strain Philadelphia-I (Fig.  2, lane 2) . The remaining environmental isolates have profiles similar to that of reference type strain Heysham (Fig. 3, lane  5) . Meanwhile, clinical isolate P1 (Fig. 4, lane 5) has a unique profile that does not match those of any of the environmental isolates or reference strains. Similar results were obtained by the RLFP typing method.
DISCUSSION
PCR-based DNA fingerprinting techniques with single, short, random oligonucleotide primers have successfully been used to analyze genomic DNAs of viral, bacterial, fungal, plant, and animal origin (1, 18) . Subtyping of L. pneumophila isolates by these techniques with a single random primer has also been attempted (3, 10, 13, 17) . The discriminatory ability of the RAPD fingerprint profile may be expanded by using multiple primers in the PCR assay. In this study, two random primers were used simultaneously (double RAPD) for the identification and molecular typing of Legionella strains.
The results of this comprehensive study showed a high degree of genetic diversity among the different reference strains of Legionella. A unique strain-specific array of fragments was obtained for each species, serovar, and subtype. This unique strain-specific pattern can be used to identify, discriminate, and differentiate each reference strain. The band definition was adequate for confident visual comparison of the fingerprints located on the same or on different agarose gels. However, with the aid of a computer-integrated scanning densitometer and appropriate software, the images can be scanned, digitized, stored, retrieved, and compared and the DNA fingerprint profiles can be evaluated. This would allow for the rapid and accurate identification and phylogenetic evaluations of Legionella strains with a high degree of confidence.
Established molecular typing methods such as pulsed-field gel electrophoresis and RFLP analysis (5, 7, 14) have been used for routine epidemiological studies of Legionella strains because of their reproducibilities and discriminatory powers. However, these methods are cumbersome, laborious, and time-consuming, requiring high-quality genomic DNA, as well as specialized equipment. In addition, these methods are occasionally prone to partial restriction endonuclease digestion. The RAPD fingerprint assay circumvents all of these problems. Our results with 120 different outbreak-related clinical and environmental isolates demonstrate that, despite being as discriminatory and reproducible as RFLP analysis, RAPD fingerprinting is comparatively simple to perform and requires as little as 20 to 50 ng of template DNA. The important criteria for superior genotyping methods are rapidity, ease of performance, reproducibility, and the ability to differentiate between closely related strains. Our results demonstrate that RAPD fingerprint analysis of Legionella strains fulfills these criteria. It is rapid, relatively simple to perform, highly discriminatory, reproducible, and reliable and the results are easy to interpret.
This low-cost but powerful and reliable means of typing individual strains can be used either on its own or in conjunction with other established methods, because the results obtained with a single typing system cannot always be relied on during epidemiological investigations.
